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S u m m a r y
RAO M. V. & DE KOK L. J. 1994. Interactive effects of high CO2 and SO2 on growth
and antioxidant levels in wheat. - Phyton (Horn, Austria) 34 (2): 279-290, 3 figures. -
English with German summary.
The impact of elevated CO2 and/or SO2 on the growth and antioxidant levels of
wheat {Triticum aestivum L. cv. Urban) plants has been studied. High CO2 (0.7 ml I"1)
significantly enhanced shoot biomass and photosynthetic capacity, while exposure to
SO2 (0.14 \xl I"1) resulted in a decreased shoot biomass and in an injured photosyn-
thetic aparatus, illustrated by a loss of chlorophyll and a decreased ratio of variable
to maximal fluorescence (Fv/Fm) and Amax. However, combined exposure of plants to
high CO2 and SO2 eliminated the negative effects of SO2. Sulfate accumulation was
almost equal in plants exposed to SO2 and, high CO2 and SO2. A significant increase
in ascorbate, glutathione and their redox state was observed in plants exposed to
high CO2 and SO2, compared to that of plants exposed to solely SO2. The absence of
the negative effects of SO2 in the presence of high CO2 might be related to a high
redox state of ascorbate and glutathione.
Abbreviations: Amax, maximum rate of oxygen evolution at saturated light and
CO2 (umol m"2 s"1); ASA, reduced ascorbic acid; DHA, dehydroascorbic acid; Fm ,
maximum emission of photosystem-II chlorophyll fluorescence; Fv, variable compo-
nent of Fm ; GSH, reduced glutathione; GSSG, oxidized glutathione.
*) Dr. M. V. RAO, Department of Horticulture Science, University of Guelph,
Guelph, Ontario, Canada NIG 2W1.
**) Dr. L. J. DE KOK, Department of Plant Physiology, University of Groningen,
P.O. Box 14, 9750 AA Haren, The Netherlands.
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Zusammenfassung
RAO M. V. & DE KOK L. J. 1994. Wechselwirkungen von hohem CO2 und SO2 auf
Wachstum und Antioxidantiengehalt in Weizen. - Phyton (Horn, Austria) 34 (2): 279-
290, 3 Abbildungen. - Englisch mit deutscher Zusammenfassung.
Es wurde der Einfluß von erhöhtem CO2 und/oder SO2 auf das Wachstum und
den Antioxidantiengehalt von Weizenpflanzen (Triticum aestivum L. cv. Urban)
untersucht. Hohes CO2 (0,7 ml l"1) erhöht signifikant die Sproßbiomasse und die
Photosynthesekapazität, während eine Begasung mit SO2 (0,14 |iL l"1) zu einer Ver-
minderung in der Biomasse und zu einem beeinträchtigten Photosyntheseapparat
führt, was durch einen Verlust an Chlorophyll und ein vermindertes Verhältnis von
variabler zu maximaler Fluoreszenz (Fv/Fm) und Amax verdeutlicht wird. Eine Bega-
sung von Pflanzen mit hohen CO2- und SO2-Mengen jedoch verhindert die negativen
Einflüsse von SO2. Die Sulfatanreicherung in den Pflanzen war ziemlich gleich bei
SO2 und hohem CO2 und SO2-Einfluß. Ein signifikanter Anstieg an Ascorbat, Glu-
tathion und deren Redoxzustand wurde in Pflanzen beobachtet, welche mit hohem
CO2 und SO2 behandelt wurde gegenüber solchen, welche bloß SO2 ausgesetzt waren.
Das Fehlen von negativen Effekten durch SO2 in Anwesenheit von hohem CO2 dürfte
auf einen hohen Redoxzustand von Ascorbat und Glutathion zurückzuführen sein.
In t roduc t ion
Due to the increasing energy needs of an expanding human popula-
tion, atmospheric levels of carbon dioxide (CO2) are expected to double
during 21st century (LONG & al. 1993). This, in turn, has prompted the eva-
luation of many plant species for their response to elevated CO2 concentra-
tions (EAMUS & JARVIS 1989, SAGE & al. 1989, YELLE & al. 1989, ZISKA & al.
1991, LONG & DRAKE 1991, BOWES 1993). Although there is a wide varia-
tion in the response of plant species, generally high CO2 levels result in an
enhanced plant yield. Stimulation of growth by high CO2 is usually tempo-
rary and strongly dependent on the level of mineral nutrition (STULEN &
DEN HERTOG 1993, STULEN & al. 1993). In industrialized and populated
areas, high CO2 levels are accompanied with gaseous pollutants like NOX,
SO2 and O3 (CARLSON & BAZZAZ 1985, ROZEMA 1993). This has prompted
wide spread concern to evaluate the impact of high CO2 and air pollutants
(CARLSON 1983, BARNES & PFIRRMAN 1992, MULCHI & al. 1992).
Exposure of plants to high CO2 usually enhances photosynthesis while
transpiration is often decreased, due to a reduced stomatal opening (ALLEN
1990). It is generally considered that the partial stomatal closure in re-
sponse to elevated CO2 will reduce the impact of toxic air pollutants like
SO2 and O3 (ALLEN 1990). However, the present experimental data on the
combined effects of CO2 and air pollutants are too inconsistent for the sup-
port of this assumption. Recent studies on the impact of high CO2 and air
pollutants have suggested that the elimination of air pollutant toxicity at
high CO2 levels to be due largely to the internal detoxification mecha-
nisms rather than to a reduced pollutant uptake (KROPFF 1987, MULCHI &
al. 1992, BARNES & PFIRRMANN 1992).
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The physiological processes underlying the phytotoxicity of SO2 are
rather unclear. Sulfite ions formed due to the hydration of SO2 in cell sap
are very reactive and the reaction with various cellular compounds is be-
lieved to be the major cause of SO2 phytotoxicity (DE KOK 1990). On the
other hand, it has been proposed that the toxicity of SO2 is due to the for-
mation of Superoxide anions and hydrogen peroxide (H2O2) generated du-
ring the oxidation of sulfite to sulfate (MADAMANCHI & ALSCHER 1991, RAO
1992). In this view, plants tolerate SO2 by scavenging the toxic oxygen
free radicals through a sequence of events involving metabolites like ascor-
bate and glutathione and the enzymes like glutathione reductase, ascor-
bate peroxidase and dehydroascorbate reductase (RAO & DUBEY 1993).
It has been suggested that the higher availability of carbohydrates in
plants exposed to high CO2 would detoxify air pollutants (CARLSON &
BAZZAZ 1985, LONG & al. 1993). However, this assumption lacks experi-
mental evidence. Synthesis of ascorbic acid, a major antioxidant, depends
on carbohydrate availability (LOEWUS & al. 1990). Since plants growing
under elevated CO2 have high production of carbohydrates (YELLE & al.
1989), we hypothesized that growth under elevated CO2 and SO2 would
enhance ascorbic acid to detoxify SO2. A series of experiments were con-
ducted to investigate the effects of high CO2 and/or SO2 on biomass pro-
duction, Amax, ascorbic acid, glutathione and their redox state in an
attempt to test the hypothesis and to offer physiological explanations for
the observed protection in wheat plants, if any.
Mater ia l s and Methods
Winter wheat (Triticum aestivum L. cv. Urban) was germinated in plastic pots
(1 1; five seeds per pot) containing commercial soil (Florafleur Potting Soil, Nevema,
Zwolle,The Netherlands). Day and night temperatures were 19 and 15 °C, respec-
tively, RH was 60-70 % and the photopheriod was 14 h at a fluence rate of 200 |imol
m"2 s"1 (400-700 nm). Seven day old seedlings were thinned to three plants per pot
and were transferred to the experimental cabinets.
Plants were exposed to high CO2 and/or SO2 in 150 1 cylindrical stainless steel
cabinets with polycarbonate tops (for a description see MAAS & al. 1987). Pressurized
CO2 and/or SO2 diluted with nitrogen (1 ml I"1) were mixed with air to obtain desired
concentrations (715 \il I"1 CO2 and or 0.138 \xl I"1 SO2) by ASM electronic mass flow
controllers (Bilthoven, The Netherlands) and injected into the cabinets through a te-
flon pipe system. The air exchange in the cabinets was 50 1 min"1 and the air inside
the cabinets was continuously circulated by a ventilator (air movement capacity 20 1
s'1) to reduce the boundary layer surrounding the leaves. The air temperature was
24 ± 2 / 18 + 2°C (day/night) and the RH was 68 ± 4 / 55 + 6 % (day/night). The
photoperiod was 14 h and the light intensity at plant height was in the range of 275-
300 nmol m"2 s"1 (within the 400-700 nm range). A Philips HPI-T 400 W lamp was
used as a light source.
CO2 concentrations in the air stream were measured periodically with an IRGA
(ADC Model 225, MK 3, Hoddesdon, UK) and the SO2 con centrations in the cabinets
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were estimated according to MAAS & al. (1987). The mean day/night C02 concentra-
tions in the cabinets were 365/374 (ambient) and 715/726 |il I"1 (high). The mean S02
concentrations were 0.004 (ambient) and 0.138 pi I"1 (high) which remained constant
during day and night. Plants were irrigated daily with tap water and on alternate
days with half strength Hoagland nutrient solution (for composition see SMAKMAN &
HOFSTRA 1982). To minimize spatial effects, within a cabinet, plants were randomly
relocated on alternate days. A total of four cabinets were employed in the present
investigation and the experiment was repeated in another set of four cabinets.
To determine whether the growth of wheat plants under high CO2 for four weeks
resulted in photosynthetic desensitization, the maximal photosynthetic capacity
(Amax) was measured with an oxygen electrode (Model LD-2. Hansatech, Kings Lynn,
Norfolk, UK). The details of the method are described elsewhere (DIJKSTRA & LAMBERS
1989). Measure ments were made at 25 °C at a saturating light intensity of 1600 umol
m"2 s"1 in the presence of 5 % CO2 (from a 1 M Na2CO3/NaHCO3 buffer, 1:19 v/v).
PPFD values greater than 1600 umol m~2 s"1 did not increase the rates of O2 evolution;
consequently 1600 umol m~2 s"1 was considered as saturating. O2 evolution measure-
ments were made on 4 leaf discs sampled from recently developed leaf (70-80 % of
total leaf area). Chlorophyll was determined in the leaf discs used in O2 evolution
measurements according to LICHTENTHALER & WELLBURN 1983. Whole shoot dry
weight was determined after drying for 36 h at 70 °C.
Chlorophyll fluorescence ratio (Fv/Fm) was determined from the upper leaf
surfaces of 15 min dark adapted leaves using a pulse amplitude modulation fluo-
rescence meter (PAM-101, H. Walz, Effel trich, FRG). The PPFD of modulation light
was about 0.2 umol m"2 s"1. After measuring Fo, Fm was measured by exciting the
surface with white light of 300 umol m"2 s"1. No further increases in the ratio of Fv/Fm
were noted when the length of dark adaptation was increased beyond 15 min or if the
actinic excitation beam increased above 300 umol irf2 s'1. Fv/Fm measurements were
made on 4-6 leaves sampled from plants exposed to different CO2 and/or SO2 con-
centrations.
Sulfate was estimated refractometrically after separating the anions by HPLC
as described by MAAS & al. 1986. The HPLC system consisted of a Kratos spectroflow
pump, model 400 (Ramsey, NJ 07446, USA), provided with a Rheodyne sample in-
jector, model 7175 (loop volume 20 ul; Cotati, CA 94928, USA) and a Knauer differ-
ential refractometer, model 9800 (Bad Homburg, Germany). The anions are separated
on an Ionosphertra-A anion exchange column (250x4.6 mm) with guard column
(75x2.1 mm) (Chrompack, Middelburg, The Nether lands). Potassium biphthalate
(30 mM, pH 4.0) was used as a mobile phase. The flow rate was 1 ml min"1 and the
column and detector are thermostated at 24 °C by a water bath. The HPLC was con-
nected with a Shimadzu Chromtopac C-RIB data processor (Kyoto, Japan). Analyses
of sulfate and nitrate were made by extracting three individual whole shoots (1 g
4 ml"1 extraction medium) from each treatment and each extract yielded five
observations.
Ascorbate (ASA) and dehydroascorbate (DHA) and glutathione (GSH and
GSSG) were determined as described by LAW & al. 1983 and SMITH 1985, respectively.
Foliar samples (0.2 g) frozen in liquid nitro gen were extracted in 2 ml of 10 % TCA
(w/v). The pH of the extract was brought to 5.6 with 10 % sodium citrate (w/v) before
analyses were made. All measurements were made on recently developed leaves
(70-80 % of total leaf area) of six plants from each treatment.
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Results and Discussion
Substantial changes were evident in the shoot biomass of plants trans-
ferred into the cabinets enriched with CO2 and/or SO2 when compared to
that of plants exposed to ambient CO2 (Fig. 1). Exposure of plants to high
CO2 or SO2 for one week had no significant effect on whole shoot fresh
weight. Exposure to high CO2 for four weeks enhanced fresh weight by
24 %, while exposure to SO2 resulted in a decreased shoot fresh weight by
42 % (Fig. 1). However, when plants were exposed to high CO2 and SO2 in
combination, the toxic effects of SO2 were eliminated and the shoot fresh
weight was almost equal to that of plants exposed to high CO2 (23 %
H 21 28 35
PLANT AGE (days )
14 21 2B 35
PLANT AGE (days )
Fig. 1. Shoot growth of wheat plants upon exposure to high CO2 and SO2. Error bars
indicate LSD (P < 0.05). Gas composition: AA, 365 JJ.1 I"1 CO2 + 0.004 \xl I'1 SO2; EA,




I"1 SO2; AE, 365 \xl I"1 CO2 + 0.138 \xl I '1 SO2; EE, 715 pi I"
higher than that of plants exposed to ambient CO2) (Fig. 1). Similarly, data
on the dry matter production presented in Fig. lb also indicated the delete-
rious effect of SO2 as well the absence of SO2 effect on the dry matter pro-
duction of wheat plants exposed to high CO2 and SO2 in combination.
The observed increases and decreases were consistent with previous
results obtained at high CO2 (YELLE & al. 1989, HOCKING & MEYER 1991)
and at high SO2 (SOLDATINI & al. 1992, RAO & DUBEY 1993). Also, the obser-
vation that exposure of plants to a combination of high CO2 and SO2 may
eliminate negative effects of SO2 is consistent with the results reported
earlier by CARLSON & BAZZAZ 1982 and SANDHU & al. 1992.
The negative effects of SO2 on biomass production may partly be ex-
plained by negative and injurious effects of SO2 on the photosynthetic ap-
paratus. The chlorophyll content of SO2 exposed plants decreased by
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42 % compared to plants exposed to ambient CO2. However, the chloro-
phyll content of plants exposed to combination of high CO2 and SO2 was
almost equal to that of plants exposed to ambient or high CO2 (Tab. 1).
Similarly, the chlorophyll fluorescence ratio, Fv/Fm, a measure of pho-
tochemical efficiency, was significantly lower in plants exposed to high
SO2) while it remained unaffected in plants exposed to high CO2 or to a
combination of CO2 and SO2 (Tab. 1). Apparently, the decreases in Fv/Fm
ratio in SO2 exposed plants appears to be directly related to the decreases
in chlorophyll content (ADAMS & al. 1989, SCHMIDT & al. 1990). The inju-
Table 1
Effect of high CO2 and SO2 on chlorophyll content, chlorophyll fluorescence ratio (Fv/
Fm), maximal photosynthetic capacity (Amax) and sulfate content (jamol g"1 fr. wt.) of
wheat leaves. Data represent the mean of three to six measurements (+SD). Plants









































AA, 365 jü I"1 CO2 + 0.004 \xl I"1 SO2
EA, 715 nl I"1 CO2 + 0.004 nl I"1 SO2
AE, 365 nl I"1 CO2 + 0.138 jal I"1 SO2
EE, 715 (il I'1 CO2 + 0.138 jal T1 SO2
rious effects of SO2 exposure were also evident from the measurements on
maximum photosynthetic capacity (Amax). The Amax of plants exposed to
either high CO2 or to a combination of high CO2 and SO2 was significantly
higher (20 %) compared to plants exposed to ambient CO2, while in SO2
exposed plants, Amax was decreased by 40 % (Tab. 1).
Generally, high CO2-induced stomatal closure has been largely be-
lieved to reduce pollutant flux and protect plants from pollutant injury
(ALLEN 1990). In general, SO2 exposure results in increased sulfate levels
of the leaf tissue and is largely dependent on the SO2 concentration and
duration of the exposure (DE KOK 1990). Sulfate levels in the plant are a
reflection of various dynamic parameters, e.g. sulfate uptake by the root,
its translocation to the shoot, and the rate of its assimilation (DE KOK
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1990). Therefore, increases in sulfate levels upon SO2 exposure can not di-
rectly be used as a measure for SO2 uptake by the plant, yet they have an
indicative value. Exposure of wheat plants to high SO2 or to a combina-
tion of high CO2 and SO2 resulted in a three-fold increase in sulfate levels
compared to that of plants exposed to ambient or high CO2 (Tab. 1). From
these results, it is clear that the absence of toxic effects of SO2 at high
CO2 can not solely be attributed to the decreased pollutant flux and that
the protection is dependent on the internal detoxification mechanisms.
It is assumed, generally, that the ascorbate-glutathione cycle plays an
active role in protecting plant chloroplasts from oxygen free radicals. En-
hanced sulfite levels in SO2 exposed plants are believed to strongly induce
oxygen free radicals. However, the significance of sulfite-induced forma-
tion of oxygen species in situ at realistic SO2 levels remain unclear as
well the role of ascorbate-glutathione cycle (DE KOK & STULEN 1993). Yet,
it has been proposed that high levels of ascorbate and glutathione would
have adaptive value in protecting plants from the harmful effects of SO2
enhanced oxygen free radicals (RAO & DUBEY 1993). In addition, the ab-
ility of plants to maintain high ASA/DHA and GSH/GSSG ratios have
been reported to determine the plant response to various oxidative stres-
ses (CREISSEN & al. 1994).
Total ascorbic acid level (ASA + DHA) was slightly higher in plants
exposed to high CO2 compared to plants exposed to ambient CO2
(Fig. 2A). Although the ASA + DHA level tended to be slightly higher in
plants exposed to high CO2 than in plants exposed to ambient CO2, there
were no significant changes in the ASA/DHA ratio (Fig. 2B). Although
there was an initial increase in the ASA + DHA level of plants exposed to










0 7 3514 21 28 35 0 7 14 21 28
PLANT AGE (days) PLANT AGE (days)
Fig. 2. Total ascorbic acid content (|amol g~x f.wt.) (a) and its redox state (b) in wheat
leaves upon exposure to high CO2 and SO2. For legends see Fig. 1.
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level by 10 % compared to that of plants exposed to ambient CO2 (Fig. 2A).
However, exposure to high CO2 and SO2 in combination enhanced the ASA
+ DHA level by 23 % compared to that of plants exposed to ambient CO2
(Fig. 2A). In addition to changes in the ASA + DHA level, significant chan-
ges were apparent in the ASA/DHA ratio in plants exposed to CO2 and or
SO2 (Fig. 2B). The ASA/DHA ratio was significantly lower (4.1) in wheat
plants exposed to SO2 for four weeks when compared to that of plants ex-
posed to ambient or high CO2 (8.1). However, an exposure of to high CO2
and SO2 in combination enhanced the ASA/DHA ratio to 17.1 (Fig. 2B).
Exposure to SO2 and, CO2 and SO2 in combination enhanced the total
glutathione (GSH + GSSG) content by 19 and 23 %, respectively, when






Fig. 3. Total glutathione content (nmol g"1 f.wt.) (a) and its redox state (b) in wheat
leaves upon exposure to high CO2 and SO2. For legends see Fig. 1.
lar to ascorbic acid, significant changes were also apparent in the redox
state of glutathione of plants exposed to high SO2 and, CO2 and SO2 in
combination. The GSH/GSSG ratio of wheat plants exposed to high SO2
was significantly lower (4.9) when compared to that of plants exposed to
ambient or high CO2 for four weeks (6.1). However, growth under high
CO2 and SO2 in combination increased the GSH/GSSG ratio to 12.1 when
compared to that of plants exposed to ambient or high CO2 (Fig. 3B).
Even though the antioxidant levels and their redox states were affec-
ted by SO2 and high CO2, the observed results do not provide a clear pic-
ture whether the changes are the cause or consequence of altered metabo-
lism. For instance, recently it has been demonstrated that thiol accumula-
tion in foliar tissue is a general phenomenon when the sulfate is directly
supplied to leaves by-passing the sulfate uptake by roots (DE KOK 1990,
DE KOK & STULEN 1993, STULEN & DE KOK 1993). In addition to gluta-
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thione, substantial amounts of cysteine and y-glutamyl-cysteine (in dark-
ness) may accumulate upon the direct supply of sulfur to leaves, which is
likely due to the lack of strict regulation of the size and composition of
the thiol pool under these conditions (DE KOK 1990, DE KOK & STULEN
1993). Therefore, the observed accumulation of glutathione in wheat lea-
ves may be explained by the direct assimilation of the part of deposited
SO2, rather than it has adaptive value in the protection of plants against
the toxic effects of SO2 (DE KOK 1990, DE KOK & STULEN 1993).
Impact of SO2 exposure on plant ascorbate levels are rather inconsi-
stent. In general, ascorbic acid upon SO2 exposure may either increase
(RAO & DUBEY 1993), decrease or remain unchanged (MADA MANCHI &
ALSCHER 1991). Recently, BADIANI & al. 1993 reported decreased levels of
ascorbate in soybean growing at a natural site with strongly elevated CO2
levels. From the present study it is evident that SO2 exposure may result
in enhanced ascorbate levels, especially upon combined exposure with
high CO2. However, the ascorbic acid remained unaltered in plants expo-
sed to high CO2 alone. Therefore, the physiological significance of increa-
sed levels of ascorbate upon exposure to high CO2 and SO2 is rather un-
clear.
The observed changes in the redox state of ascorbate and glutathione
may be more or less the consequence of an altered metabolism. Interpreta-
tion of changes in the redox state of ascorbate and glutathione are comple-
xed by the lack of information on the subcellular localization of accumula-
ted ascorbate and glutathione. Although the observed decreases and in-
creases in the redox state of ascorbate and glutathione in plants exposed
to high SO2 or high CO2 and SO2, in combination, appear to be related to
the changes in plant sensitivity, further indepth studies are required to es-
tablish the fact.
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Recensio
RUPPERT Verena 1993. Einfluß blütenreicher Feldrandstrukturen auf die Dichte
blütenbesuchender Nutzinsekten insbesondere der Syrphinae (Diptera: Syr-
phidae). - In: NENTWIG W. & POEHLING H.-M. (Eds.), Agrarökologie, Band 8. - 8°,
149 Seiten, 44 Abbildungen, 12 Tabellen; brosch. - Verlag Paul Haupt Bern, Stutt-
gart, Wien. - DM 35,-, sFr 30,-. - ISBN 3-258-04785-5.
Vertreter der Fliegenfamilien Syrphidae, Hybot idae und Dol ichopo-
didae wurden, ebenso wie Coccinel l idae und die Entwicklung der Blatt-
lauspopulation 1989 und 1990 auf Versuchsflächen in der Nähe von Darmstadt, an
den nördlichen Ausläufern des Odenwaldes, untersucht. Ackerschonstreifen (= Acker-
randstreifen; Streifen im Acker ohne Herbizid- und Insektizidbehandlung) und
Feldraine, 1988 auch Wildkrautparzellen, und Winterweizen- bzw. Winterger-
stenfelder wurden mittels Blütenbeobachtung, Fallenfang und Transektzählungen
bearbeitet. Mit verschiedenen Methoden ermittelte Dominanzverhältnisse werden
verglichen. Die sechs häufigsten Syrphidenarten waren Episyrphus ba l tea tus ,
Eupeodes corollae, P la tyche i rus c lypeatus , Sphaerophor ia spp. (meist
S. scripta), Melanostoma mell inum und M. scalare. Die Blüten mit den
höchsten Besucherfrequenzen waren diejenigen von Sonchus arvensis, Papaver
rhoeas, Pastinaca sativa, Heracleum sphondylium, Cichorium intybus und Con-
volvulus arvensis {Papaver ein Ackerwildkraut, alle übrigen Feldrainpflanzen). Be-
sonders im Frühjahr, für den Reifungsfraß vor der Eiablage (Mai) erwiesen sich aber
vor allem Ackerwildkräuter, im Sommer mehr die Pflanzen der Feldraine als wich-
tige Nahrungsgrundlage für die Schwebfliegen. Über Syrph idae vgl. auch die Re-
zensionen in Phyton 31 (2): 207-208 und 32 (1): 175-176.
H. TEPPNER
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